The mechanisms underlying the observed association of childhood intelligence with body mass index (BMI) are unclear and few studies of this association have been prospective in design. Methods: Prospective study in a birth cohort of 5467 individuals who were born in Aberdeen, Scotland between 1950 and 1956 and who responded to a follow-up survey in 2001. Comparison of associations within sibling pairs of the same family to associations between different families in 643 sibling pairs (1286 individuals) who are participants in the main cohort. Results: Childhood intelligence (age 7 years) and educational attainment were both inversely associated with adult BMI (mean age 48 years): the sex-and age-adjusted mean change in adult BMI per s. 2 )); other potential confounding or mediating factors had little or only modest effects on this association. The association between education and adult BMI was not affected by adjustment for childhood intelligence or other potential covariates. The within sibling-pair effect of education on adult BMI (À0.06 kg/m 2 (95% CI: À0.26, 0.14)) was weaker than the effect between different families (À0.37 kg/m 2 (95%CI: À0.58, À0.17)), P-value for difference of within sibling and between family effect ¼ 0.03. Conclusions: The association of childhood intelligence with adult BMI is attenuated to the null on adjustment for educational attainment, whereas the association of educational attainment with adult BMI appears to be independent of childhood intelligence and other measured covariates. However, our family analyses suggest that fixed family and neighbourhood factors, which are closely matched in siblings of a similar age, explain much of the association between greater educational attainment and lower adult BMI.
Introduction
Childhood psychometric intelligence has been found to be associated with a number of important health outcomes in adulthood, including cardiovascular disease and premature mortality. [1] [2] [3] [4] [5] Intelligence reflects an individual's ability to learn, reason and solve problems, and it is plausible that those with lower scores on intelligence tests in childhood continue throughout life to learn and respond to health promotion messages less readily than those who scored more highly. This in turn could result in poorer diets and lower levels of physical activity resulting in greater body mass index (BMI) and as a consequence higher morbidity and mortality.
A small number of studies have examined the association of intelligence test scores assessed in childhood and early adult life with BMI and/or obesity. [6] [7] [8] [9] [10] Four cross-sectional studies considered obesity to be the exposure and intelligence the outcome, though the due to their cross-sectional design the direction of any association is unclear. Three of these cross-sectional studies used Danish Military Surveys with intelligence and BMI measured at a median age of 19 years 6-8 and the fourth was conducted in Chinese primary school children, with intelligence and BMI measured at ages 6-13 years. 11 In the Danish Military Surveys there was a nonlinear association, with intelligence being highest in those whose BMI was at or below the median level and then declining monotonically with increasing BMI above the median. [6] [7] [8] In the study of Chinese school children there was an inverse association between BMI and intelligence. 11 In two prospective studies of this association, one based on the Danish Military Surveys 9 and one on the Scottish Mental Health Survey, 10 intelligence measured at the age of 19 years (Danish Military Surveys) and at 11 years (Scottish Mental Health Survey) was inversely associated with BMI and obesity in later adulthood. Although not a direct measure of intelligence, in one further prospective study school learning difficulties and poor performance in school exams were associated with a greater risk of being obese in young adulthood. 12 Three other prospective studies found that being overweight or obese in early childhood was associated with poor performance in school tests and assignments later in childhood, [13] [14] [15] though in one of these studies the association was attenuated to the null with adjustment for parental socioeconomic position. 13 In the Danish Military Survey the association between early life intelligence and later obesity attenuated to the null with adjustment for educational attainment and the authors concluded that education mediated the association between childhood intelligence and adult obesity. 9 In addition to being affected by intelligence, educational attainment is also influenced by biological factors (e.g. sex) and a range of factors (e.g. parental socioeconomic position, intelligence and educational attainment, the neighbourhood in which the family lives and the quality of the schools available in that neighbourhood) that affect access to and the standard of education. 16 Thus, the attenuation of any effect by adjustment for education is also likely to reflect adjustment for these family and neighbourhood-based factors ( Figure 1 ). Within sibling analyses are a powerful means of controlling for parental and family characteristics that are identical or very similar for siblings. Such characteristics will include parental intelligence, education and socioeconomic position; housing conditions; neighbourhood characteristics and access to schooling. Thus, a comparison of within siblingpair associations of childhood intelligence/educational attainment with adult BMI to the same associations between individuals from different families could be used to determine whether these associations are explained by fixed parental and family characteristics.
Since siblings share on average 50% of their genes a weaker effect within siblings of the same family compared to the effect between individuals from different families would also be consistent with the association being explained by genetic factors. Such sibling studies are increasingly used in life course epidemiology. They have been used to examine the extent of confounding by parental and family factors in the associations of birth weight with childhood intelligence [17] [18] [19] [20] and of birth weight with adult blood pressure. 21 However, we are unaware of any such sibling study in the assessment of the association between childhood intelligence/educational attainment and adult BMI. The aims of this study are: (i) to assess the prospective associations of childhood intelligence (assessed at the age of 7 years) and educational attainment with adult BMI (assessed between the ages of 45 and 52 years) and (ii) to compare these associations within sibling pairs of the same family to associations between different families.
Materials and methods
Data from the Aberdeen Children of the 1950s cohort study were used. 22 This consists of 12 150 children who were born in Aberdeen between 1950 and 1956 for whom comprehensive information was abstracted from the Aberdeen Maternity and Neonatal Database about the course of their mother's pregnancy and the children's physical characteristics at birth. This information was further linked to their school records, including standard tests of psychometric intelligence that were administered to all primary school children in the 1960s in Scotland at the ages of 7, 9 and 11 years. 22 The associations we examined did not differ substantively whichever of the three intelligence test scores were used (tested at the age of 7, 9 or 11 years) and so only results for the tests conducted at age 7 years are presented. The tests used at the age of 7 years were the Moray House Picture Intelligence test numbers 1 or 2. 22 The intelligence tests were Figure 1 Relationships between childhood intelligence, educational attainment and adult body mass index (BMI). Solid arrows represent established associations from previous studies; broken (dashed) arrows represent the associations that we have assessed in this study; the bold broken arrow between family characteristics and adult BMI represents the results of our study which suggest that there is no direct association between childhood intelligence and adult BMI (that association attenuates to the null with adjustment for educational attainment) or between educational attainment and adult BMI (that association appears to be explained by family characteristics that influence both educational attainment and adult BMI).
Childhood intelligence, educational attainment and adult BMI DA Lawlor et al taken within 6 months of the child's 7th birthday. Tests were age standardised with means of 100 and s.d. of 15 for Scotland as a whole. Of the original cohort 99% (N ¼ 12 014) of the Aberdeen Children of the 1950s cohort have been successfully traced. At the time that the follow-up questionnaire was mailed to participants, 291 (2.4%) had emigrated (outside the United Kingdom), 62 (0.5%) were currently in the armed forces or institutionalised and 479 (4.0%) had died. The remaining 11 182 were mailed a follow-up health questionnaire and 7183 (64%) responded. Responders were more likely to be female, to have been from more affluent social classes in childhood and to have had higher cognitive function scores as children. 23 The participants were aged 45-52 years (mean age 48.2 years; s.d.:1.5) at the time that they completed the questionnaire. In the follow-up questionnaire participants were asked to record their educational attainment in one of seven pre-specified categories (no formal qualifications, school leaving certificate, certificate(s) of secondary education, ordinary level qualifications, advanced level qualifications, higher national diploma or equivalent, university degree). They were also asked to record their weight and height. They were given the option to enter these in imperial (stones and pounds, feet and inches) or metric (centimetres, kilograms) units and were requested, if possible, to weigh themselves on scales without shoes and in light clothing. Participants indicated whether or not they had used scales to assess their weight. Of the 7007 respondents who provided an estimate of their weight 6092 (87%) reported that they had used scales. There was a tendency for those who had not used scales to report lower weights (74.5 versus 75.5 kg, P ¼ 0.07). Therefore all analyses including BMI have been adjusted by including a dummy variable for non-use of scales in the regression models.
Birth weight, gestational age and paternal occupation at the time of birth were abstracted from Aberdeen Maternal and Neonatal Database, which collected these data during the antenatal and perinatal period using research standard protocols. 22 The participants' intrauterine growth rate was estimated by calculating sex and gestational age (in weeks) standardised z (s.d.) scores. The father's occupation at birth was classified according to the 1950 Registrar General's classification (six categories: I (professional) to V (unskilled manual)). Height and weight at school entry were measured directly (mean age 5 years) 22 and sex-and age-standardised z-scores, based on 3-month age categories, were derived for height and weight. In the participant follow-up questionnaire enquiries were made about the participant's most recent occupation. Participants own occupation was categorised into the same six categories used for childhood social class using the Registrar General's Classification of 1991. Participants were also asked about their smoking behaviour and were categorised as never, past or current smokers (including those who reported quitting within the last 12 months).
Statistical methods
Of the 11 182 surviving and traced participants 7183 (64%) responded to the questionnaire. Of these 5467 (76%) had complete information on childhood intelligence, adult BMI and all covariates included in any model and formed the subgroup analysed in this study. The 5467 included in this analysis had higher intelligence test scores (110.7 versus 103.9, Po0.001), were less likely to be from manual compared to non-manual social classes in childhood (75.3 versus 80.9%, Po0.001) and were more likely to be female (51.4 versus 45.7%, Po0.001) compared to the 5715 who were excluded because they failed to respond to the questionnaire (N ¼ 3999) or responded but had some missing data (N ¼ 1716). The prospective associations of childhood intelligence and education with adult BMI (as outcome) in the whole cohort were examined in a series of multivariable linear regression models. In the basic model, focusing on childhood intelligence as the primary exposure, adjustment was made for sex, age at completing the follow-up questionnaire and use of a weighing scale. Additional adjustment was then made for father's occupational social class at birth (5-level categorical variable), birth weight (continuous z-score), childhood BMI (continuous z-score), adult social class (5-level categorical variable), adult smoking (3-level categorical variable) and educational attainment (7-level categorical variable). A parallel series of models with adult BMI as the outcome were constructed focusing on educational attainment as the primary exposure. In these, adjustment for childhood intelligence was made (final model), treating this as a continuous variable. Tests for linear and nonlinear trends were explored by comparing a model in which childhood intelligence was entered as a categorical variable (eight categories) to one in which these categories were entered as a continuous score and computing an F-statistic. A similar approach using the seven categories of education either as separate categories or a continuous score was used to assess linear associations of educational attainment with adult BMI. F-tests were computed to test for evidence of a statistical interaction with sex. In these models, using the 5467 complete data subset, robust standard errors, taking account of non-independence between siblings within the sample, were used to estimate all standard errors and P-values.
Among the 5467 participants in the complete data subset there were 4429 families with 2213 participants having at least one sibling within the cohort. For groups with three or more siblings (N ¼ 406 individuals) we randomly selected two siblings to be included in the analysis. This resulted in 643 sibling pairs (1286 individuals) with both siblings being singleton births and having complete data on intelligence and all covariates included in the analysis. A generalised least-squares method was used to estimate the regression parameters, with 'restricted' maximum likelihood (REML) method used to estimate the variance parameters. 24 We used the xtmixed Stata command, with the REML option to
Childhood intelligence, educational attainment and adult BMI DA Lawlor et al undertake this analysis. 24 In the basic model we adjusted for sex, age at questionnaire follow-up and use of weighing scales. We then adjusted for covariates that were adjusted for in the whole cohort analysis. All analyses were conducted in Stata version 9.
Results
Among the 5467 participants mean (s. (Figure 2 ). Childhood BMI (assessed at mean age of 5 years on entry to primary school) was not associated with intelligence assessed at the age of 7 years: mean change in intelligence test score per one s.d. increase in sex-and age-standardised BMI at school entry was 0.25 (À0.19, 0.69). Table 1 shows the multivariable associations of childhood intelligence with adult BMI in the participants with complete data. The inverse linear association between childhood intelligence and adult BMI was attenuated somewhat by childhood (Model 2) and adult (Model 5) social class, but some association remained. The association was unaffected by adjustment for birth weight (Model 3) or childhood BMI (Model 4) and strengthened somewhat with adjustment for adult smoking (Model 6). However, the inverse association between childhood intelligence and adult BMI was attenuated to the null by adjustment for educational attainment alone (Model 7).
Educational attainment was linearly inversely associated with adult BMI in both sexes (Figure 3 ). The sex, age and use of weighing scales adjusted mean difference in BMI per unit increase in educational category (across the seven categories from no formal education to university degree) was À0.28 (95% CI: À0.34, À0.22) for the whole cohort (males and females combined). This inverse effect was greater in females compared to males: age and use of weighing scales adjusted mean difference in BMI per unit increase in educational category in males only was À0.18 (95% CI: À0.26, À0.11) and in females only it was À0.37 (95% CI: À0.47, À0.27), P-value for interaction with sex ¼ 0.003. Table 2 shows the multivariable associations of educational attainment with adult BMI in males, females and in the whole cohort. There was no strong statistical evidence of nonlinear associations in any of these models (all P40.2) and so the associations are all presented per unit increase in educational attainment category. There was some strengthening of the association between educational attainment and adult BMI with adjustment for adult smoking in both males and females (Model 6), but adjustment for other covariates had no marked effect on the association in either sex. Adjustment for childhood intelligence did not affect the association between educational attainment and adult BMI in either sex (Model 7). In all of the adjusted models the effect of educational attainment on adult BMI remained stronger in females compared to males. Childhood intelligence, educational attainment and adult BMI DA Lawlor et al
Among the 643 sibling pairs (1286 individuals) the mean age difference between the siblings was 2.2 years. There was a high level of concordance between siblings in terms of whether they had a university degree or not (exact agreement for 82%). However, when educational attainment was considered in seven categories it was only the same for 31% of siblings. Within sibling pairs childhood intelligence test scores were positively correlated (Pearson's correlation coefficient ¼ 0.54, Po0.001), with weaker correlations for childhood (0.12, P ¼ 0.001) and adult BMI (0.26, Po0.001). Fifty-seven per cent (366 pairs: 164 both male and 202 both female) of the sibling pairs were the same sex and 43% (277 pairs) included one male and one female. Consistent with the analyses in the main cohort there was no association between childhood intelligence and adult BMI either within siblings of the same family or between different families once adjustment was made for educational attainment (both P40.7). Table 3 shows the within and between sibling-pair associations of educational attainment with adult BMI. In both adjusted and unadjusted models there was no association between educational attainment and adult BMI within siblings from the same family but there was an inverse association between the mean childhood intelligence and adult BMI across different families, with statistical evidence of a difference between these two estimates. When we restricted our analyses to single sex sibling-pairs and stratified by sex the results were consistent with those for all sibling pairs including both sexes. Thus, among the 164 pairs in which both siblings were male the within siblings association was À0.02 kg/m 2 as in model 1 plus father's occupational social class, birth weight (sex-and gestational age-standardised z-score), BMI (sex-and age-standardised z-score), adult social class, smoking in adulthood, childhood intelligence test score. *P-value assessing statistical evidence that the effect between siblings from different families differs from that within siblings of the same family.
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Discussion
Consistent with the only comparable previous prospective study 9 we have shown that childhood intelligence is inversely associated with adult BMI and that this association is attenuated to the null with adjustment for educational attainment. A second prospective study 10 also found an inverse association but it was not possible in that study to determine the effect of educational attainment on this association. Educational attainment was positively and linearly associated with adult BMI in our study and this association was not affected by adjustment for childhood intelligence test scores or for other covariates. There was no association between educational attainment and adult BMI within sibling pairs from the same family but there was an association between mean childhood intelligence and adult BMI across different families. These findings suggest that the association between educational attainment and adult BMI is largely explained by factors that are shared by siblings from the same family ( Figure 1 ). The authors of the previous prospective study that found adjustment for educational attainment attenuated the association of childhood intelligence with adult BMI concluded that educational attainment mediated the association of childhood intelligence with adult BMI. 9 That scenario implies a pathway in which low childhood intelligence results in low educational attainment, which in turn results in greater adult BMI. However, our family-based analyses suggests that this is not the case. Instead they indicate that fixed family factors, such as parental socioeconomic background, intelligence and education, and school and neighbourhood characteristics, which are closely matched in siblings of a similar age, explain much of the association between greater educational attainment and higher adult BMI (Figure 1 ). Family socioeconomic position is an obvious candidate for a family factor that could affect both average educational attainment of siblings and their future average BMI and explain a link between the two. Indeed in other within family studies the lack of any effect within siblings, when an effect is seen between families, is generally interpreted as demonstrating confounding by socioeconomic position. [17] [18] [19] However, the fact that adjustment for father's occupational social class had no effect on the association between education and BMI in the whole cohort suggests that this may not be the most important family-based characteristic that explains this association. Other factors, such as parental education and intelligence, neighbourhood-and schoolbased characteristics that are similar for siblings are also likely to be important. Parental intelligence and education are likely to affect both their offspring's educational attainment and their behaviours, such as diet and physical activity, that will in turn influence their BMI in adulthood. In addition since most siblings, who are close to each other in age, will be brought up in the same neighbourhood and will attend the same schools our findings could be explained by neighbourhood and school environmental factors that affect both the educational attainment of an individual and their behaviours that impact on later BMI. Finally, since siblings share on average 50% of their genes it is possible that genetic factors that affect both educational attainment and adult BMI may in part explain the association between the two. These could be genetic factors that affect psychological traits such as self-efficacy and motivation, with these traits impacting upon school exam performance and behaviours that affect BMI or could be genetic factors that have pleiotropic effects directly upon both intelligence and BMI.
We found that the effects of both childhood intelligence and educational attainment on future BMI were greater in females compared to males (with evidence of a statistical interaction between sex and education but not between sex and childhood intelligence). A recent examination of seven population based studies found robust associations of childhood socioeconomic position with adult obesity across the cohorts in females, but weaker and less consistent associations in males. 25 Thus, it appears that early life characteristics related to socioeconomic position and educational attainment have a greater effect on female adult BMI than they do on male adult BMI. These sex differences may be due to chance or could be due to sex differences in some of the pathways that link childhood socioeconomic position and education to adult BMI. The link between childhood social class or education and BMI may be in part driven by socio-cultural factors that promote a certain body shape, as well as factors that promote the health benefits of not being over weight. Those from higher socioeconomic backgrounds and with greater education are likely to have greater material and psychological resources for controlling their body weight. Females from higher educational groups may use such resources to control their weight more so that males because of the greater social pressure to be slender in females compared to males in most Western cultures. This may explain the somewhat stronger association between education and BMI in females compared to males.
Study limitations
The main limitations of this study are the attrition of participants due to non-response to the questionnaire and the use of self-report for adult weight and height. The response to the follow-up questionnaire, mailed 40 years after their initial participation in the school-based survey, is similar to that found for follow-up in middle age of other long-term birth cohorts where contact with participants has been more regular. 26 Non-responders differed from responders in our cohort with respect to sex, social class and childhood intelligence, but we were able to adjust for these factors within our analyses. Several studies have found systematic mis-reporting of weight and height in males and females of all adult ages, with those who are more overweight and shorter having a greater tendency to under
Childhood intelligence, educational attainment and adult BMI DA Lawlor et al report their weight and over report their height. 27, 28 This mis-reporting would need to have been more marked in those with higher intelligence test scores in childhood and greater educational attainment for it to explain the inverse associations that we have found. The similarity in our findings to those from two other prospective studies 9,10 with less loss to follow-up and that used actual measurements of weight and height to calculate BMI suggest that our results have not been markedly biased by loss to follow-up and use of self-report to assess height and weight. Our study adds to the findings of these two previous studies by being able to explore these relationships within families.
Conclusions
The association of childhood intelligence with adult BMI is attenuated to the null with adjustment for educational attainment, whereas the association of educational attainment with adult BMI appears to be independent of childhood intelligence and other measured covariates, including parental social class. Our within-family analyses suggest that fixed family factors, such as parental intelligence and education, school and neighbourhood characteristics and genetic factors which are closely matched in siblings of a similar age explain much of the association between greater educational attainment and lower adult BMI. These findings invite further investigation of the family factors that link these two beneficial outcomes.
